Sex chromosomes are subject to sex-specific selective evolutionary forces 1,2 . One model predicts that genes with sexbiased expression should be enriched on the X chromosome 2-5 . In agreement with Rice's hypothesis 3 , spermatogonial genes are over-represented on the X chromosome of mice 6 and sex-and reproduction-related genes are over-represented on the human X chromosome 7,8 . Male-biased genes are under-represented on the X chromosome in worms and flies 9-11 , however. Here we show that mouse spermatogenesis genes are relatively underrepresented on the X chromosome and female-biased genes are enriched on it. We used Spo11 -/-mice blocked in spermatogenesis early in meiosis 12 to evaluate the temporal pattern of gene expression in sperm development. Genes expressed before the Spo11 block are enriched on the X chromosome, whereas those expressed later in spermatogenesis are depleted. Inactivation of the X chromosome in male meiosis may be a universal driving force for X-chromosome demasculinization.
Sex chromosomes are subject to sex-specific selective evolutionary forces 1,2 . One model predicts that genes with sexbiased expression should be enriched on the X chromosome [2] [3] [4] [5] . In agreement with Rice's hypothesis 3 , spermatogonial genes are over-represented on the X chromosome of mice 6 and sex-and reproduction-related genes are over-represented on the human X chromosome 7, 8 . Male-biased genes are under-represented on the X chromosome in worms and flies [9] [10] [11] , however. Here we show that mouse spermatogenesis genes are relatively underrepresented on the X chromosome and female-biased genes are enriched on it. We used Spo11 -/-mice blocked in spermatogenesis early in meiosis 12 to evaluate the temporal pattern of gene expression in sperm development. Genes expressed before the Spo11 block are enriched on the X chromosome, whereas those expressed later in spermatogenesis are depleted. Inactivation of the X chromosome in male meiosis may be a universal driving force for X-chromosome demasculinization.
To investigate the genomic distribution of mouse genes with patterns of sex-biased expression, we analyzed the chromosomal distribution of genes expressed in sexually dimorphic tissues. We consider genes that are preferentially expressed in such tissues as testis, ovary and placenta to be sex-biased genes. We used two approaches to define the tissue specificity of genes expressed in mice: analysis of large-scale microarray-based gene expression data and analysis of the distribution of expressed-sequence tags (ESTs) in different cDNA libraries. Instead of focusing on transcripts restricted to a single tissue, our analysis targeted the identification of tissue-enriched transcripts using a 'preferential expression measure' (PEM) 13 . As an uniform source of expression data, we used publicly available data sets of mouse RNA samples representing 49 tissues hybridized to Affymetrix mouse U74A microarrays (GNF data set) 14 and 20 tissues analyzed with RIKEN cDNA microarrays (RIKEN data set) 15 .
In the GNF data set 14 , expression of 624 genes (∼7% of all analyzed) in testis was three times greater than the median expression in other tissues, and expression of 361 genes in testis was five times greater (PEM values >1.58 and >2.32, respectively). These genes are considered testis-enriched genes. The chromosomal distribution of testisenriched genes was significantly different from uniform (χ 2 = 30.8, P = 0.05; Fig. 1a and Supplementary Table 1 online). The most significant deviation from the average gene density was on the X chromosome, where testis-enriched genes were 2.5 times less dense (the ratio of the density of testis-enriched genes on the X chromosome to the average density on all chromosomes, ρ X , was 0.40; χ 2 = 7.7, P = 0.006). The depletion of testis-enriched genes on the X chromosome was independent of the cut-off (three or five times greater expression) used in the selection process ( Table 1) . In addition, genes that were expressed most highly in testis and all the genes detected in testis were underrepresented on the X chromosome ( Table 1) .
In contrast to testes-enriched genes, the chromosomal distribution of most tissue-enriched genes was not significantly different from random ( Fig. 1d,e ; χ 2 = 23.1 and 13.4 for liver-and lungenriched genes, respectively; P > 0.1). The chromosomal distribution of ovary-specific genes, however, was far from uniform (χ 2 = 31.9, P = 0.03; Fig. 1b) . Again, the chromosome with the most profound difference in gene density was the X chromosome, but unlike testis-enriched genes, ovary-enriched genes were more abundant on the X (ρ X = 1.95; χ 2 = 10.58, P = 0.001; Table 1 ). We also investigated the chromosome distribution for genes preferentially expressed in placenta (Fig. 1c) , which was markedly similar to that of ovaryenriched genes (ρ X = 1.66; χ 2 = 7.24, P = 0.007). As with testisenriched genes, the enrichment was independent of the cut-off expression level for both sets of female-biased genes ( Table 1) . In addition to tissue-enriched genes, genes that are highly expressed in placenta or ovary were also enriched on the X chromosome (ρ X = 1.5, P = 0.03 and ρ X = 1.7, P = 0.01, respectively; Table 1 ). An analysis of the independent RIKEN set of microarray expression data 15 confirmed the trends observed with the GNF set: testis-enriched genes were under-represented on the X chromosome (ρ X = 0.62; χ 2 = 7.92, P = 0.005) and placenta-enriched genes were over-represented (ρ X = 2.12; χ 2 = 12.1, P < 0.001; Fig. 1f,g ).
To further define testis-and ovary-enriched genes, we compared the RNAs expressed in mouse gonads using direct competitive hybridization on cDNA microarrays. We identified 749 genes whose expression was at least three times higher in testes than in ovaries and 404 genes that were preferentially expressed in ovaries compared with testes (Fig.  2a) . Again we found that the X chromosome is a disfavored location for testis-enriched genes (ρ X = 0.28; P < 0.001) but a preferred site for ovary-enriched genes (ρ X = 2.88; P < 0.001; Fig. 2d ). We also compared the RNAs expressed in testes and ovaries with a reference RNA population, which gives a measure of the preferential expression in a tissue that is similar to PEM. We found that the expression of 858 genes was at least three times higher in testes than in reference RNA and that 243 genes were overexpressed in ovaries (Fig. 2b,c) . As in the direct comparison, testis-expressed genes were under-represented on the X chromosome (ρ X = 0.50; P = 0.01; Fig. 2d ). The distribution of Selection criteria shown represent genes whose expression in that tissue is two, three or five times greater than the median expression level. Data for genes highly expressed in a tissue (~500 genes with the highest level of expression in a given tissue) and for all genes expressed in a tissue (above a cut-off level corresponding to three to five copies per cell) are also shown. Statistically significant results are indicated in bold. Dark green, genes whose expression is five times greater than the median; light green, genes whose expression is three times greater. (h) The chromosomal distribution of transcripts enriched in testis as found in our EST analysis using R statistics. Dark yellow, R > 10, expression in testis is two times greater than median; light yellow, R > 20, expression in testis is two times greater. Chromosomes that have gene densities significantly deviating from the average are indicated (*P < 0.05, **P < 0.01, ***P < 0.001).
To complement and extend the microarray expression data, we analyzed the distribution of ESTs in different cDNA libraries available in GenBank. We selected genes that satisfied two criteria: (i) a statistically significant preferential expression in testis and (ii) expression at least two times higher in testis than in other tissues. The chromosomal distribution of testis-enriched genes based on the EST data confirmed the under-representation of these genes on the X chromosome (ρ X = 0.45; χ 2 = 5.0, P = 0.02; Fig. 1h ).
The X chromosome is not the only chromosome with a skewed distribution of tissue-enriched genes. Analysis of both the GNF data set and EST data showed that testis-enriched genes are over-represented on chromosome 17. Approximately half (18 of 38) of the testis-enriched genes on chromosome 17 are located in the t-complex region that contains many male fertility genes 16 . In addition, we identified another cluster located centromeric to the t-complex (Supplementary Table 2 online).
genes enriched in ovaries, however, was closer to random (ρ X = 1.10).
Our analysis of several independent data sets consistently identified deviations in the chromosomal distribution of sex-biased genes. The PEM values calculated for sexually dimorphic tissues from the different data sets were positively correlated on a gene-by-gene basis ( Supplementary Fig. 1 online) .
Testes contain more than 10 different cell types, most of which participate in spermatogenesis; over 90% are germ cells, most of which are past early meiosis (Fig. 3a) 17, 18 . Sex chromosomes are condensed and transcriptionally repressed at the onset of male meiosis (meiotic sex chromosome inactivation, MSCI) [19] [20] [21] . To elucidate the effect of MSCI on the genomic distribution of male-biased genes, we analyzed the transcripts of testes from Spo11 -/-mice which have a genetic ablation of cells past the early stages of spermatogenesis. The disruption of Spo11 in mice blocks meiosis before pachytene and interrupts normal testis development (Fig. 3a,b) 12, 22 . In agreement with the marked changes in testis morphology in Spo11 -/-mice (Fig. 3b) , the expression of almost 30% of the transcripts changed by a factor of more than two (Fig. 3c) . Consistent with the relative proportion of meiotic and postmeiotic cells in testis, most of these testis-enriched transcripts were depleted in testes of mature Spo11 -/-mice ( Supplementary Fig. 2  online) . Like genes encoding testis-enriched transcripts, genes encoding transcripts depleted in the testes of Spo11 -/-mice were strongly under-represented on the X chromosome (ρ X = 0.34; χ 2 = 12.9, P < 0.001; Fig. 3d ). Next, we analyzed transcripts that were more abundant in testes of Spo11 -/-mice than in testes of wild-type mice. Because testes of Spo11 -/-mice are relatively enriched with premeiotic cells, the transcripts over-represented in these testes should include spermatogonial transcripts, reported to be over-represented on the X chromosome 6 . Like spermatogonial genes, Spo11 -/--enriched genes (which are not limited to spermatogonial genes) were significantly more dense on the X chromosome (ρ X = 2.23; χ 2 = 47.8, P < 0.001; Fig. 3d) .
The first wave of meiosis in male mice is synchronous and starts at birth 17 (Fig. 3a) . Therefore, another approach to identify genes transcribed mostly in premeiotic cells is to work with testes from juvenile mice. At 15 d of age in wild-type mice, meiotic progression reaches approximately the stage of the block in Spo11 -/-mice. We found that the expression profiles of 95% of the genes that were differentially expressed in testes of 15-d-old mice were similar to those of the Spo11 mutant ( Supplementary Fig. 2 online) . The chromosomal distribution of genes encoding transcripts that were enriched or depleted in juvenile mice followed the same trend as in the Spo11 -/-mice ( Fig. 3d ; ρ X = 0.44, χ 2 = 9.96, P = 0.002 and ρ X = 3.2, χ 2 = 73.4, P < 0.001, respectively). Thus, both genetic ablation studies and analysis of testes from juvenile mice indicate that early genes are relatively abundant but that late genes are sparse on the mouse X chromosome. A similar dissection of gene expression in spermatogenesis is possible using gene expression profiles of developing testes in mice 23 . We compared expression in samples from 1-, 4-, 8-and 11-d-old mice with samples from 18-26-d-old mice and found that the chromosome distribution of these genes was more skewed than that of Spo11 -/-mice. Genes expressed at the earlier stages were abundant on the X chromosome (ρ X = 2.32; χ 2 = 125.9, P < 0.001) whereas late genes were nearly absent (ρ X = 0.08; χ 2 = 31.9, P < 0.001; Supplementary Table 1 online). We examined the differential genomic distribution of spermatogenic genes using existing data on the expression of these genes in the rat 24 . This analysis showed that meiotic-specific genes were completely absent from the X chromosome, whereas genes expressed in spermatogonia were significantly more abundant on the X chromosome (Fig. 4) . Genes expressed in somatic cells of testis were also more abundant on the X chromosome.
Next, we estimated the global effect of MSCI on transcription. Both the GNF and RIKEN data sets showed that genes located on the X chromosome had lower average expression in adult testes (Fig. 5a and Supplementary Fig. 3 online) . Exploration of the mouse spermatogenesis data set 23 showed that the decrease in net transcription from the X coincides with the onset of meiosis in developing testes (Fig. 5b) . Although the X chromosome is inactivated in cells going through meiosis, several X-linked genes were reliably detected in more than one data set as testis-enriched (see Supplementary Note and Supplementary Table 3 online).
In this study, we found that sex-biased genes had a nonrandom chromosomal distribution in the mouse. The accumulation of both male-and female-biased genes on the X chromosome is consistent with the predictions of W. Rice 3 and previous reports on mice and humans [6] [7] [8] . We believe that the paucity of testis-enriched genes on the mouse X is mainly attributable to the effects of MSCI 19, 20 . The under-representation of male-biased genes on the mouse X chromosome is similar to that reported for male-specific genes in Drosophila melanogaster and Caenorhabditis elegans 9, 10 , where (in C. elegans, at least) MSCI is present 25, 26 . The evolutionary roots of MSCI are deep, and MSCI is tightly linked to the evolution of the sex chromosomes. MSCI probably preceded somatic X-chromosome inactivation and may be the origin of paternal X inactivation in marsupials and in preimplantation mouse embryos 27 . Thus, there seem to be two main counteracting forces in evolution that affect the distribution of male-biased genes. One force removes male-biased genes from the X chromosome (MSCI), and the other adds them (the predicted and observed accumulation of male beneficial genes on the X chromosome). We believe that this hypothesis most parsimoniously accounts for and reconciles the previously published data on this subject from flies, worms, mice and humans. 
Figure 4
Genes expressed in rat spermatogonia or Sertoli cells are enriched on the X chromosome. Premeiotic, meiotic and postmeiotic germ cells and somatic Sertoli cells were purified from rat testes and the level of gene expression in individual cell fractions was measured using Affymetrix microarrays 24 . The percentage of genes on autosomes and on the X chromosome belonging to each cluster corresponding to a given cell population is plotted. Below the chart the relative gene density and the probability for observing such a distribution by chance are shown.
Average expression (arbitrary units) 
METHODS
Determining tissue-specificity from microarray data. We defined genes as tissue-enriched or preferentially expressed if their expression in that tissue was several times greater than the median expression level calculated for all other tissues (the PEM is essentially the log 2 relative excess over the median 13 ). We obtained individual gene expression level data from data sets on hybridization intensity values of RNA samples from 49 different tissues on Affymetrix mouse U74A microarrays 14 (GNF data set) and 20 tissues analyzed with RIKEN cDNA microarrays 15 (RIKEN data set). The degree of correlation of PEM values from independent data sets is similar to that reported previously 13 . In the GNF data set, we defined genes expressed in a given tissue as those genes with an expression level higher than 200, estimated to correspond to three to five transcripts per cell 14 . We defined highly expressed genes in the GNF data set as those genes with an expression level higher than 1,200 in a tissue without regard to the expression in other tissues. We set this threshold so as to give ∼500 genes in every tissue. 28 for each gene. We selected the genes according to two criteria: (i) representation in testis cDNA libraries (pool A) was two times higher than representation in the other libraries (pool B) and (ii) the R likelihood score was above a preset limit.
Analysis of chromosomal distributions.
We defined the gene density as the fraction of genes satisfying a given selection criterion of the total number of genes present on a chromosome (normalized gene number). We determined relative gene density (ρ i ) by dividing the gene density on chromosome i by the average gene density on all chromosomes. We used the χ 2 test with 19 degrees of freedom for the genomic distribution as a whole or with one degree of freedom for individual chromosomes. We compared the observed number of genes on a given chromosome with the expected number based on a random distribution of all the genes in a data set.
Microarray procedures.
All the animal procedures were carried out according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. We surgically removed testes and ovaries from mice and stored them at -80 °C until use. We isolated RNA using a Trizol solution (Invitrogen). We used a mixture of total RNAs from 11 different cell lines from several different tissues (universal reference RNA, Stratagene) as reference RNA. We synthesized amino-allyl-modified cDNA from 10-20 µg of DNase-treated RNA using SuperScript II Reverse Transcriptase (Invitrogen), oligo(dT) (Invitrogen) and amino-allyl-modified dUTP (Sigma). We generated fluorescent probes by labeling amino-allyl-modified cDNA with Cy3 or Cy5 (Amersham). We carried out hybridizations on glass slide microarrays containing 15,000 genes from the NIA 15K mouse gene collection 29 (Keck Biotechnology Resource Lab at Yale University). All microarray experiments were done in quadruplicate with different mouse pairs and dye-reversed hybridizations. We scanned the chips using the GenePix 4000A scanner (Axon Instruments) and analyzed primary data using Genepix 3.0 software (Axon Instruments). We carried out statistical analysis using a modified t-test implemented in SAM software 30 . We defined differentially expressed genes at a 1% false discovery rate confidence level and a cutoff for differential expression equal to three for the analysis of tissue specificity and two for Spo11 experiments. We identified early and late spermatogenic genes from a mouse spermatogenesis data set 23 as those genes differentially expressed between groups of samples from 1-, 4-, 8-, 11-and 18-, 21-, 26-, 29-d-old mice (t-test, P < 0.01; 3,102 genes are differentially expressed at this confidence level).
GEO accession number. Microarray data are available under the accession number GSE1138.
